NF-κB is a master regulator of inflammation and has been implicated in the pathogenesis of immune disorders and cancer. Its regulation involves a variety of steps, including the controlled degradation of inhibitory IκB proteins. In addition, the inactivation of DNA-bound NF-κB is essential for its regulation. This step requires a factor known as copper metabolism Murr1 domain-containing 1 (COMMD1), the prototype member of a conserved gene family. While COMMD proteins have been linked to the ubiquitination pathway, little else is known about other family members. Here we demonstrate that all COMMD proteins bind to CCDC22, a factor recently implicated in X-linked intellectual disability (XLID). We showed that an XLID-associated CCDC22 mutation decreased CCDC22 protein expression and impaired its binding to COMMD proteins. Moreover, some affected individuals displayed ectodermal dysplasia, a congenital condition that can result from developmental NF-κB blockade. Indeed, patient-derived cells demonstrated impaired NF-κB activation due to decreased IκB ubiquitination and degradation. In addition, we found that COMMD8 acted in conjunction with CCDC22 to direct the degradation of IκB proteins. Taken together, our results indicate that CCDC22 participates in NF-κB activation and that its deficiency leads to decreased IκB turnover in humans, highlighting an important regulatory component of this pathway.
ylation of RelA (24, 25) and is mediated by a CRL2 complex that depends on COMMD1 for its activation (12, 16) . Interestingly, while certain COMMD proteins, such as COMMD8 and COMMD10, bind to Cul1 (16), it was not previously known whether these factors promote the ubiquitination of CRL1 targets such as IκB.
In this study, we demonstrated that coiled-coil domain-containing protein 22 (CCDC22), a highly conserved protein recently implicated in X-linked intellectual disability (XLID) (26) , is an associated factor that binds to all COMMD family members. CCDC22 was required for the ubiquitination and subsequent turnover of IκB proteins. Individuals with a hypomorphic mutation in CCDC22 demonstrated IκB stabilization and a blunted NF-κB response. These findings highlight a novel aspect in the activation of IκB ubiquitination and the control of NF-κB through CCDC22.
Results

COMMD proteins associate with CCDC22, a broadly expressed gene.
We hypothesized that, given their structural homology, COMMD proteins might assemble similar molecular complexes in vivo and that the identification and characterization of potential protein partners might provide insights into the mechanism of action of COMMD family members in general. In order to accomplish our goal, we began to systematically characterize protein complexes associated with COMMD proteins in vivo using tandem affinity purification (TAP). In these screens, 3 COMMD protein baits were used: COMMD1, COMMD9, and COMMD10. Consistent with the known ability of COMMD proteins to interact with each other (1) , the TAP screens identified other endogenous COMMD proteins. Interestingly, these baits interacted with a specific and unique combination of COMMD partners: COMMD1 brought down COMMD3, COMMD4, and COMMD6, whereas COMMD9 and COMMD10 interacted with each other as well as with COMMD5 and COMMD6 ( Figure 1A ).
In addition, in all 3 screens, mass spectrometry analysis identified peptides that matched with high confidence to a protein of previously unknown function, termed CCDC22 ( Figure 1A ). Using deposited data available from BioGPS (27) , we found that CCDC22 is broadly expressed in human tissues (Supplemental Figure 1A ; supplemental material available online with this article; doi:10.1172/JCI66466DS1). Moreover, we examined the pattern of expression for the Ccdc22 ortholog in mouse tissues and confirmed similar findings at the mRNA level by quantitative real-time RT-PCR (qRT-PCR) and at the protein level by Western blot analysis (Supplemental Figure 1 , B and C).
CCDC22-COMMD interactions were readily validated in endogenous coimmunoprecipitations using 2 antisera raised against CCDC22, which coprecipitated endogenous COMMD1 ( Figure 1B ). Reciprocal precipitations using antisera against COMMD1, COMMD6, COMMD9, and COMMD10 also coprecipitated endogenous CCDC22 ( Figure 1C ). Consistent with prior reports (1, 28) , COMMD1 and COMMD6 were present in the same complex ( Figure 1C ). The interaction of CCDC22 with 4 COMMD family members suggested the possibility that other COMMD proteins might also interact with this factor. Given the paucity of characterized antibodies to other COMMD family members, we expressed COMMD proteins fused to glutathione S-transferase (GST) in mammalian cells and subsequently precipitated these proteins from cell lysates. All 10 COMMD proteins were able to coprecipitate endogenous CCDC22 to a similar extent ( Figure 1D ). Finally, a quantitative BAC-GFP interactomics experiment (29) using GFP-tagged CCDC22 as bait was also performed. For these experiments, CCDC22 was stably expressed in HeLa cells through the introduction of a BAC encoding GFP-tagged CCDC22 from its native locus (30) . Again, all COMMD proteins were identified with high confidence as interacting partners of CCDC22 using 2 distinct affinity tag combinations ( Figure 1E and Supplemental Figure 2 ), which confirmed that this protein is an associated factor of all COMMD family members.
CCDC22 regulates the cellular localization of COMMD proteins. Next, we examined the cellular distribution of CCDC22. Using a yellow fluorescent protein (YFP) fusion protein, we found CCDC22 to be localized primarily in the cytosol, with a punctate perinuclear distribution, and with minor presence in the nucleus (Supplemental Figure 1D ), in agreement with what is reported for the endogenous protein by the Protein Atlas project (31) . Since the cellular distribution of CCDC22 was similar to the pattern displayed by several COMMD proteins (16), we also analyzed whether CCDC22 and COMMD1 could colocalize. Using GFP-and DsRed2-tagged versions of CCDC22 and COMMD1, respectively, we identified clear colocalization, while at the same time, some fraction of these proteins displayed exclusive cellular localization ( Figure 2A ). This colocalization is in agreement with the protein-protein interaction identified biochemically.
In order to clarify the role of CCDC22 binding to all COMMD proteins, we examined whether CCDC22 regulates the ability of COMMD proteins to interact with each other. After CCDC22 silencing, the amount of COMMD1 or COMMD10 bound to endogenous COMMD6 was unaffected ( Figure 2B ), which suggests that these key protein-protein interactions are not controlled by CCDC22. Next, we evaluated whether CCDC22 plays a role in the cellular distribution of COMMD proteins. Silencing of CCDC22 dramatically changed the cellular localization of fluorescently tagged COMMD family members, inducing redistribution to large perinuclear punctate foci ( Figure 2C ). Quantitatively, CCDC22 deficiency led to a nearly 5-fold higher number of cells with YFP-tagged COMMD1 or COMMD10 aggregates ( Figure 2D ). These data indicate that CCDC22 regulates the cellular distribution of COMMD proteins, but is not required for COMMD-COMMD interactions.
The amino terminus of CCDC22 and the COMM domain are necessary and sufficient for interaction. Homology analysis using the Conserved Domain Database (32) indicates that CCDC22 is highly conserved and a single ortholog is present in plants, protozoa, worms, insects, and vertebrates, a range of organisms similar to that in which COMMD genes are found. Notably, CCDC22 and COMMD orthologs are not evident in yeast or bacteria. The areas of highest homology among CCDC22 orthologs ( Figure 3A ) are their extreme amino termini (first ∼150 amino acids) and their carboxyl termini (∼350 amino acids). This latter region corresponds to a coil-coiled domain and bears similarity to structural maintenance of chromosomes (SMC) proteins, factors that bind to chromatin and are involved in meiosis and DNA repair (33) . Further characterization of the CCDC22-COMMD1 interaction showed that COMMD1 bound to the amino terminus of CCDC22 ( Figure 3B ). In addition, the COMM domain of COMMD1, a carboxyterminal homology domain present in all COMMD proteins, was necessary and sufficient for CCDC22 binding ( Figure 3C ), in agreement with the binding of all COMM domain-containing proteins to CCDC22.
An XLID-associated CCDC22 mutation impairs COMMD binding. Recently, a mutation in CCDC22 was identified in a family with XLID (OMIM 300859) and other developmental abnormalities (26) . Affected members carry a single point mutation in CCDC22 (c.49A>G/p.T17A) that changes codon 17 from Thr to Ala, a highly conserved residue among vertebrates. It has been shown that this T17A mutation, by virtue of its close proximity to a splice site, results in abnormal splicing and diminished mRNA levels (26) . Indeed, we found that EBV-immortalized B lymphocytes (lymphoblastoid cell lines; LCLs) from affected individuals had reduced CCDC22 transcript levels, whereas expression of forkhead box P3 (FOXP3), a gene in close proximity to CCDC22, was not affected (Supplemental Figure 3, A and B) . Interestingly, the corresponding reduction in CCDC22 protein levels was relatively modest in LCLs ( Figure 3D , input), and we therefore speculated that the T17A mutation may also result in functional alterations of the CCDC22 protein. Indeed, endogenous T17A was unable to bind to COMMD1 in lymphoid cells from affected individuals, a finding that was disproportionate to the small decrement in CCDC22 expression noted in these cells ( Figure 3D ). Similarly, T17A expressed in HEK 293 cells was defective in its ability to bind to endogenous COMMD1, even when both the WT and mutant CCDC22 proteins were expressed at comparable levels ( Figure 3E ).
Several other rare variants of CCDC22 were identified in additional families ( Figure 3A) . Although some of them, such as the E239K variant, have subsequently been found at a low frequency in the NHLBI
Figure 1
Identification of CCDC22 as a COMMD associated factor. (A) TAP screen identification of CCDC22. CCDC22 peptides identified with high confidence in TAP screens using 3 different COMMD protein baits are indicated by blue shading. The specific COMMD proteins identified with each bait are shown at right. (B and C) Endogenous CCDC22 coimmunoprecipitated with endogenous COMMD proteins. (B) Endogenous CCDC22 was immunoprecipitated (IP) from HEK 293 cell lysates using 2 anti-CCDC22 antisera, and the recovered material was immunoblotted for COMMD1. Preimmune serum (PIS) or beads only were used as negative controls. (C) COMMD1, COMMD6, COMMD9, and COMMD10 were pulled down with polyclonal immune sera, and the precipitated material was immunoblotted for CCDC22. Some input lanes corresponded to different exposures of the same film. (D) CCDC22 associated with all COMMD family members. COMMD proteins fused to GST were expressed in HEK 293 cells and precipitated from Triton X-100 lysates. The recovered material was immunoblotted for endogenous CCDC22. PD, pulldown; NS, nonspecific band. (E) COMMD proteins were the main interaction partners of CCDC22. Volcano plot representation of CCDC22-interacting proteins. LAP-tagged CCDC22 was immunoprecipitated using an antibody directed against the tag. Nontransfected parental HeLa cells served as control. For each protein identified by mass spectrometry, the ratio of the intensities in the CCDC22 IPs over the control was calculated and plotted against the P value (2-tailed t test) calculated from triplicate experiments, both on a logarithmic scale. Dashed curves represent the cutoff, calculated based on a false discovery rate estimation. Specific interactors (top right) are indicated.
exome sequencing project (12 of 8,627 genomes), the other variants appear to be unique to the XLID kindred. Therefore, we examined how these CCDC22 variants bind to COMMD1 using a coimmunoprecipitation approach. None of these variants seemed to affect COMMD1 binding when tested in LCLs or after expression in HEK 293 cells (Figure 3 , F and G). Similarly, quantitative BAC-GFP interactomics experiments with T30A, R128Q, E239K, and R321W failed to disclose any changes in their binding to COMMD proteins (data not shown). However, 2 of the variants, R128Q and R321W, displayed substantial changes in their cellular localization patterns, demonstrating a fine speckled distribution in the cell that was different from the coarse dots noted when expressing the WT protein ( Figure 3 , H and I). Thus, independent of their binding to COMMD proteins, these 2 mutants demonstrated a functional impairment.
The T17A mutation or CCDC22 deficiency leads to blunted NF-κB activation. Given the role of COMMD1 in the regulation of NF-κB, we turned our attention to a possible role for CCDC22 in this pathway. Careful examination of the XLID kindred carrying the T17A mutation revealed that some affected individuals had aplasia cutis and markedly abnormal dentition ( Figure 4A ), 2 manifestations of ectodermal dysplasia. This congenital change can be found in individuals with hypomorphic mutations in NEMO (34, 35) , which encodes an essential scaffold protein in the IKK complex. Ectodermal dysplasia can be similarly observed as a result of IκB-α mutations that alter its degradation (36) , or in individuals with mutations in the ectodysplasin (EDA) pathway, a TNF-related signaling cascade that is involved in ectodermal development (37) . Therefore, this clinical phenotype suggested a potential blockade of NF-κB activation during development (38) .
Consistent with this, primary fibroblasts from 2 probands demonstrated decreased TNF-dependent activation of NF-κB target genes, such as IL8 and TNF-α-induced protein 3 (TNFAIP3; also known as A20), when compared with their heterozygous carrier mother ( Figure 4B ). Moreover, NF-κB-dependent gene expression in response to CD40 ligand (CD40L) stimulation was impaired in an LCL from an individual with the T17A mutation compared with a normal control LCL ( Figure 4C ). Similar to the effect of the T17A mutation, CCDC22 silencing led to impaired activation of NF-κB target genes in the control LCL ( Figure 4D and Supplemental Figure 4 ). Finally, to exclude the possibility of an off-target effect of the siRNA experiments, these were repeated using 2 separate siRNA duplexes in HEK 293 cells. Again, in both instances, CCDC22 silencing led to decreased TNF-induced activation of NF-κB-dependent genes ( Figure 4E and Supplemental Figure 5A ). Conversely, CCDC22 overexpression led to greater IL8 activation in this system (Supplemental Figure 5B ).
Given these effects on NF-κB activity, we examined whether CCDC22 was itself regulated by NF-κB in any way. We found that CCDC22 expression was not inducible by NF-κB activation, and its binding to COMMD1 was constitutive and not induced by TNF stimulation (Supplemental Figure 6, A and B) . Together, these data indicated that CCDC22 deficiency, or a hypomorphic mutation in this gene that impairs the interaction with COMMD proteins, leads to blunted activation of NF-κB.
CCDC22 is required for IκB turnover. The positive role that CCDC22 plays in NF-κB activation stands in contrast with the inhibitory function of COMMD1 in this pathway (1, 11, 12) . Nevertheless, consistent with the interaction between these 2 proteins, we found that CCDC22 was present in a complex containing both Cul2 and COMMD1 (Supplemental Figure 7A) , and, like COMMD1, CCDC22 could be inducibly bound to the NF-κB-responsive promoter of baculoviral IAP repeat containing 3 (BIRC3; also known as c-IAP2; Supplemental Figure 7B ). Although these findings were consistent with the interaction between CCDC22 and COMMD1, they failed to explain CCDC22's inhibitory role on NF-κB. Therefore, we hypothesized that this factor must have an additional site of action that is COMMD1 independent.
To test this possibility, we examined the effects of CCDC22 silencing on NF-κB nuclear accumulation. CCDC22 silencing led to a reduction in nuclear translocation of NF-κB after cell stimula- tion, as shown by DNA-protein coprecipitation using oligonucleotides containing tandem κB sites or by direct Western blotting of nuclear extracts ( Figure 5A ). This finding suggested a possible blockade in IκB degradation, akin to that observed in hypomorphic NEMO mutations (35) . This possibility was examined in a variety of systems. First, primary dermal fibroblasts from individuals with the T17A mutation displayed markedly delayed or absent IκB degradation compared with cells derived from their mother, a heterozygous carrier ( Figure 5B ). All 3 classical IκB proteins were affected, and the basal level of IκB-α was also notably elevated. In addition, CCDC22 protein levels were more significantly reduced in mutant fibroblasts than in LCLs (compare Figure 3D and Figure 5B ), highlighting the variable effect of the mutation on mRNA splicing and gene expression (26) . Experiments using siRNA in HEK 293 cells demonstrated a similar result, although in these cells, the effects were most dramatic for IκB-β and IκB-ε ( Figure 5C ). Moreover, the changes in IκB-β turnover proved to result from altered protein stability, not from alterations in mRNA expression. Using cycloheximide (CHX) to block new protein synthesis, we found that TNF-induced degradation of IκB-β was CCDC22 deficiency affected IκB-β stability. Cells transfected with the indicated siRNA were subsequently treated with cycloheximide (CHX) to inhibit new protein synthesis. IκB-β stability after TNF stimulation was examined by immunoblotting. (E) IκB-α degradation was impaired in XLIDderived LCLs. LCLs derived from a healthy control subject and an XLID patient with the T17A mutation were stimulated with PMA, and IκB-α degradation was examined by immunoblotting. (F) IκB-α phosphorylation was not affected in XLID-derived LCLs. LCLs derived from a healthy control and an XLID patient were stimulated with PMA for indicated times. Phosphorylation of IκB-α at serines 32 and 36 was determined by immunoblotting using a phosphospecific antibody.
Figure 6
CCDC22 is required for IκB ubiquitination. (A) IκB-α ubiquitination is reduced in lymphoid cells bearing the T17A mutation. LCLs derived from a healthy control subject and an XLID patient with the T17A mutation were stimulated with PMA. The protease inhibitor MG-132 was concurrently administered. Ubiquitinated phospho-IκB-α levels were determined by immunoprecipitating NF-κB complexes with a RelA antibody, followed by phospho-IκB-α immunoblotting. (B) CCDC22 interacted with various CRL1-βTrCP components. FLAG-tagged Cul1, βTrCP1, or SKP1 were expressed along with CCDC22 in HEK 293 cells. CRL components were immunoprecipitated using a FLAG antibody, and CCDC22 was detected in the recovered material by immunoblotting. (C) Endogenous CCDC22 interacted with Cul1, Cul2, and Cul3. CCDC22 was immunoprecipitated, and the recovered material was immunoblotted for endogenous Cul1, Cul2, and Cul3. Some input lanes corresponded to different exposures of the same film. (D) Cul1 and Cul2 were not required for CCDC22-COMMD interaction. HEK 293 cells were treated with siRNA against Cul1, Cul2, or an irrelevant control. Endogenous CCDC22 was subsequently immunoprecipitated, and the recovered material was immunoblotted for endogenous COMMD1 and COMMD10. (E) CCDC22 was not required for Cullin-COMMD interaction. HEK 293 cells were transfected with GST, GST-COMMD1, or GST-COMMD8 along with control or anti-CCDC22 siRNA. After 48 hours, cell lysates were purified on GST-agarose, and the recovered material was immunoblotted for endogenous Cul1, Cul2, Cul3, and COMMD1.
nous IκB-α ubiquitination after PMA stimulation ( Figure 6A ). IκB ubiquitination in response to this signal is carried out by CRL1-βTrCP, a Cul1-containing complex. As noted previously, certain COMMD proteins -most notably COMMD8 and COMMD10 (16) -can bind to Cul1, which suggests the possibility that CCDC22 might interact with this complex as well. Indeed, CCDC22 coprecipitated various components of this multimeric ligase when expressed in HEK 293 cells ( Figure 6B ). Moreover, precipitation of endogenous CCDC22 led to the recovery of endogenous Cul1, Cul2, and Cul3 ( Figure 6C ). Finally, CCDC22 was able to interact with other Cullin family members (Supplemental Figure 9A ), in line with similar observations for COMMD family members (16) . Together, these data demonstrated that CCDC22 interacts with the ligase that targets IκB proteins for degradation and is required for its ability to ubiquitinate this substrate in vivo.
The ability of both CCDC22 and COMMD family members to interact with CRLs led us to examine whether CRLs play a role in the interactions between CCDC22 and COMMD proteins. Silencing markedly delayed by RNAi against CCDC22 ( Figure 5D ). Finally, LCLs from individuals with the T17A mutation also displayed reduced degradation of IκB-α after PMA or CD40L stimulation ( Figure 5E and Supplemental Figure 8A ). Less dramatic changes in IκB-β degradation at later time points were also evident in this LCL model (Supplemental Figure 8B) .
In all instances, the impaired degradation of IκB-α was not associated with reduced IκB-α phosphorylation ( Figure 5F and Supplemental Figure 8C ), which indicates that the blockade in degradation was not caused by impaired IKK function. In fact, phospho-IκB-α levels were higher in mutant cells, which indicates that the reduced IκB degradation is caused by an event that occurs after phosphorylation. Thus, these data suggest that impaired CCDC22 activity leads to decreased degradation of phosphorylated IκB.
CCDC22 is required for IκB ubiquitination. Based on the above findings, we reasoned that the ubiquitination of phosphorylated IκB proteins might be regulated by CCDC22. Indeed, in an LCL from a T17A-affected patient, we noted marked reductions in endoge- on previously published studies indicating that COMMD proteins form dimers (1, 39) and on our mass spectrometry data demonstrating that only certain COMMD combinations were present in vivo ( Figure 1A) . Thus, based on the available data, we conclude that CCDC22 plays a critical role in controlling the cellular distribution of these complexes (Figure 2) , and in so doing, it seems to be necessary for their normal function. We postulate that the specific composition of COMMD proteins present in any given CCDC22-COMMD complex, as well as the specific CRLs to which they bind, ultimately determine their unique functions. In addition, we speculate that CCDC22 and COMMD proteins work in concert to regulate these ligases, probably acting as a complex to displace the CRL inhibitor CAND1, as recently reported in the case of COMMD1 (16) .
Since CRLs are involved in a vast array of cellular processes, we anticipate that CCDC22 will have pleiotropic effects in multiple pathways besides the effects on NF-κB transcription observed here. Indeed, the complex phenotype noted in individuals carrying the hypomorphic T17A mutation indicates that CCDC22 plays an important developmental role in the nervous system and beyond. In this regard, it is noteworthy that Cul4b has been similarly linked to XLID, and CCDC22 may therefore also be involved in the regulation of CRL4B targets that are important for neuronal biology (40) . Other rare variants in this gene were also noted in families with XLID; in the case of 2 of these variants, R128Q and R321W, we demonstrated a clear functional alteration of the mutant proteins, which were mislocalized in the cell. The mechanism for this abnormal localization was not mediated by altered COMMD binding, but may involve other proteinprotein interactions that remain to be elucidated. With regard to the T30A and E239K variants, no functional effects were identified by our studies; with respect to E239K, we speculate that this may be a rare but functionally normal protein, since it can be found in the NHLBI exome database. Ultimately, we anticipate that additional mutations in this gene will be uncovered in the context of XLID and other X-linked developmental disorders.
Our data suggested that in the NF-κB pathway, a CCDC22-COMMD8 complex plays an important role in IκB turnover and NF-κB activation through its interaction with Cul1, the ligase that targets IκB (21) . However, we conversely found that CCDC22-COMMD1 complexes bound preferentially to Cul2, a ligase involved in NF-κB/RelA ubiquitination and removal of chromatin-bound NF-κB (12, 25) . With these dual functions, CCDC22 deficiency or mutation would impair the activity of both COMMD1 and COMMD8 complexes, but the lack of IκB degradation, an upstream and initial step in this pathway, had a dominant role and was responsible for the impaired NF-κB activation described herein (Figure 8 ). The role of CCDC22 in IκB degradation is supported by ample analysis of cells derived from individuals with the hypomorphic T17A mutation. Moreover, our concordant findings after RNAi-induced silencing of CCDC22 confirmed the role of this factor in NF-κB activation. In agreement with these observations, some of the individuals with XLID affected by the T17A mutation displayed ectodermal dysplasia, a congenital change that can result from blunted NF-κB activation downstream of EDAR, a member of the TNF receptor superfamily (37).
of Cul1 or Cul2 did not affect CCDC22-COMMD1 or CCDC22-COMMD10 interactions in coimmunoprecipitation experiments ( Figure 6D and Supplemental Figure 9B ). Conversely, we next evaluated whether CCDC22 could play a role in the interaction between COMMD proteins and CRLs. The binding between COMMD1 or COMMD8 and their respective preferential Cullin partners was not substantially affected by CCDC22 silencing ( Figure 6E and Supplemental Figure 9C ). This experiment also served as a further demonstration that COMMD1 binds preferentially to Cul2, whereas COMMD8 binds better to Cul1 and Cul3. Thus, these data suggested that despite the ability of COMMDs, CCDC22, and Cullin to form a triple complex, none of them seems to play a scaffold role.
COMMD8 is also required for IκB turnover and NF-κB activation. Our results indicated that CCDC22 promotes IκB ubiquitination and degradation, and we reasoned that this effect might be mediated by CCDC22's interaction with another COMMD family member or might be COMMD independent. To identify a possible COMMD protein that might be similarly involved in the degradation of IκB, we focused our attention on COMMD family members that interact with Cul1 (the central subunit in the CRL1-βTrCP complex), such as COMMD8 and COMMD10 (16) . COMMD8 repression led to decreased IκB-α degradation, an effect not seen after COMMD1 or COMMD10 RNAi (Figure 7, A and B) . Similarly, COMMD8 or CCDC22 silencing led to decreased activation of several NF-κB target genes, while an opposite effect was seen after COMMD1 RNAi ( Figure 7C ). These observations were recapitulated using 2 independent RNAi duplexes targeting COMMD8 (Figure 7D ), which indicates that this is unlikely to be an off-target effect. Together, these data suggested that a CCDC22-COMMD8 complex participates in the activation of CRL1-βTrCP and is required for optimal IκB degradation and subsequent activation of NF-κB target genes.
Discussion
In this study, we identified CCDC22 as a novel interacting protein that binds avidly to COMMD family members. Our data indicate that each COMMD protein, from COMMD1 to COMMD10, interacts with CCDC22. However, it is unlikely that this occurs in a single complex containing CCDC22 and all 10 COMMD family members at the same time. Rather, we postulate that different and distinct CCDC22-COMMD complexes exist in vivo. This is based
Figure 8
Role of CCDC22-COMMD complexes in NF-κB pathway regulation.
the corresponding pEBB-FLAG vectors. All other plasmids used were described previously (1, 3, 16, 25, 28, (46) (47) (48) . See Supplemental Table 1 for target sequences of the siRNA duplexes used.
Cell culture and transfection. HEK 293, HeLa, and U2OS cell lines were obtained from ATCC and cultured in DMEM supplemented with 10% FBS and l-glutamine. A standard calcium phosphate transfection protocol was used to transfect plasmids and siRNA in HEK 293 cells (48) ; the Fugene transfection system (Invitrogen) was used for HeLa and U2OS cells. Patient-derived cells were obtained after IRB approval and informed consent. LCLs were generated by immortalization of peripheral lymphocytes with EBNA as previously described (49) . Primary human fibroblasts of XLID patients and their mother, a heterozygote carrier of the CCDC22 mutation, were obtained from skin punch biopsies. LCLs and primary fibroblasts were cultured in RPMI 1640 (Cellgro, 10-040-CM) supplemented with 10% FBS. For siRNA transfection of LCLs, electroporation was performed using the Neon Transfection System (Invitrogen) following the manufacturer's recommendations. Briefly, 1 × 10 8 cells in 10 ml RPMI 1640 supplemented with 10% FBS and l-glutamine were pulsed 2 times (pulse voltage, 1,100 V; pulse width, 30 ms each). In certain experiments, TNF (1,000 U/ml; Roche), cycloheximide (60 μg/ml; BioVision), PMA (250 nM; Fisher BioReagents), CD40L (50 ng/ml; Enzo Life Science), and/or MG-132 (40 μM; Boston Biochem) were applied to the growth media.
qRT-PCR. Total RNA was extracted from cells using the RNeasy procedure (Qiagen) according to the manufacturer's instructions. An RT reaction with 5 μg total RNA in 20 μl was performed, using random hexamers and reverse transcription reagents according to the manufacturer's instructions (Invitrogen). This was followed by qRT-PCR performed using a Mastercycler ep realplex 2 system (Eppendorf). Oligonucleotides and internal probes for NFKBIA, CUL1, and IL8 transcripts were obtained from Applied Biosystems, and a Taqman PCR Master Mix with GAPDH mRNA quantitation was duplexed in the same well as an internal control. See Supplemental Table 2 for primers used for Sybr green-based qRT-PCR of other genes.
Immunoblotting and precipitation. Whole cell lysates were prepared by adding Triton lysis buffer (25 mM HEPES, 100 mM NaCl, 10 mM DTT, 1 mM EDTA, 10% glycerol, 1% Triton X-100) or RIPA buffer (PBS, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 10 mM DTT) supplemented with 1 mM sodium orthovanadate and protease inhibitors (Roche), as indicated in each experiment. Cytosolic and nuclear extracts were prepared as previously described (1) . Native immunoprecipitation, denatured immunoprecipitation, GSH precipitation, and immunoblotting were performed as previously described (1, 3, 50) . Antiserum to COMMD1 has been previously described (1) . Antisera against human CCDC22, COMMD6, COMMD9, and COMMD10 were generated by serial immunization of rabbits with purified full-length recombinant proteins prepared in E. coli. These antibodies were validated by Western blot for their ability to detect overexpressed protein after transient transfection, as well as the loss of a specific band of the correct molecular weight after RNAi (silencing confirmed by qRT-PCR). Antiserum to Cul3 was provided by M. Peter (ETH Zurich, Zurich, Switzerland). See Supplemental Table 3 for all commercial antibodies used.
TAP and bimolecular affinity purification. TAP screening for COMMD1 has been previously reported (1) . TAP screening for COMMD9 and COMMD10 were performed by sequential purification through HA binding resin (Roche) and streptavidin agarose (Pierce). Briefly, 10 plates of seeded HEK 293 cells (15 cm each) were transfected with pEBB-2×HA-COMMD9-TB or pEBB-2×HA-COMMD10-TB. 2 days later, nuclear and cytosolic extracts were prepared as previously described (1) and pooled as a single lysate prior to purification. The lysate was incubated with HA binding resin at 4°C for 2 hours. At that point, the bait was eluted 3 times using excess HA peptide (1 mg/ml in 20 mM Tris-HCl [pH 7.4], 100 mM Moreover, NF-κB plays an important role in neuronal function and learning processes (41, 42) and is similarly important for myelination and Schwann cell function (43) . Therefore, the alterations in the NF-κB pathway seen in these patients may contribute to their neurologic phenotype.
With respect to the role of CCDC22 in immune function, our observations were mainly restricted to 6 individuals with the T17A mutation, with only 2 of them being of adult age at this point. Nevertheless, increased infections, autoimmunity, or unusual malignancies have not been noted thus far. This may indicate that chronic CCDC22 deficiency is better compensated in vivo than in isolated culture systems or that this hypomorphic mutation is not severe enough to result in an obvious immune phenotype in children. Alternatively, the immune defects in vivo may be restricted to selective microorganisms; this has been observed with important immune regulators, such as TRIF, for which inactivating mutations lead to a narrow and specific susceptibility to herpes encephalitis (44) . If this were the case here, a larger patient cohort and longer-term follow-up may be needed to fully comprehend the immune phenotypes of CCDC22 mutations. Nevertheless, it is interesting to note that a genetic study has indicated that single nucleotide polymorphisms in the CCDC22 gene affect the risk for allergic rhinitis (45) . However, because the CCDC22 gene is located in the complementary strand and in close proximity to FOXP3, a major regulator of immune function, it is possible that such polymorphisms may be more relevant to the function of FOXP3. In any event, it is important to note that the functional analysis of CCDC22 presented here, including various RNAi experiments, did not reflect FOXP3 function, and that the T17A mutation did not affect FOXP3 expression (Supplemental Figure 3B ). Finally, the high level of CCDC22 expression observed in the immune system, particularly in myeloid and T cells (Supplemental Figure 1A) , suggests an important immunological role, in keeping with the NF-κB regulatory function reported here.
The involvement of CCDC22 and COMMD8 in the ubiquitination of IκB represents a novel aspect in the regulation of this critical pathway that might be amenable to therapeutic manipulation. Disrupting CCDC22-COMMD interactions in a manner akin to the effect of the T17A mutation should result in impaired IκB degradation and NF-κB blockade, an effect that would be desirable in certain contexts, such as chronic inflammatory disorders or specific cancers.
Methods
Plasmids and siRNAs. Expression vectors for CCDC22 (pEBB-FLAG-CCDC22, pEBB-HA-CCDC22, pEBB-YFP-CCDC22, pEBB-GFP-CCDC22, and pEBG-CCDC22) were generated by PCR amplification of the coding sequence using IMAGE clone 3449051 as template. Expression vector for βTrCP1 (pEBB-FLAG-βTrCP1) was generated by PCR amplification of the coding sequence using as template a plasmid obtained from Y. Ben-Neriah (Hebrew University of Jerusalem, Jerusalem, Israel). Deletion constructs for CCDC22 were similarly generated by PCR, with the amino acid boundaries of the encoded mutant proteins being 1-320 and 321-627. Point mutations T17A, T30A, R128Q, E239K, and R321W were introduced into pEBB-HA-CCDC22 by site-directed mutagenesis (Stratagene). The pEBB-2×HA-TB vector used for TAP screening was constructed using complementary oligonucleotides coding tandem HA tags, which were inserted into the BamHI site of pEBB-TB. Subsequently, pEBB-2×HA-COMMD9-TB and pEBB-2×HA-COMMD10-TB were constructed by subcloning the COMMD9 and COMMD10 sequences from NaCl, 0.1 mM EDTA). This pooled eluate was applied to a streptavidin agarose column to bind the bait at 4°C for 2 hours. The column was washed with detergent-free buffer, and beads were then submitted to the proteomic facility for trypsin digestion and LC/MS-MS analysis. Quantitative BAC-GFP interactomics (QUBIC) for CCDC22 was performed as described previously (29) . A BAC harboring the locus for CCDC22 was modified to include a carboxyterminal (LAP) or aminoterminal (NFLAP) GFP tag by BAC transgenomic method (30) . Engineered BACs were used as transgenes to generate HeLa cells stably expressing GFP-tagged CCDC22 under endogenous control. Affinity purifications were performed and analyzed as described previously (29) . Finally, bimolecular affinity purification of the Cul2-COMMD1 complex (GST-Cul2, COMMD1-TB) was performed as described previously (51) .
κB pulldown assay. Nuclear extracts (100 μg) were incubated with a biotinylated 2κB oligonucleotide and subsequently precipitated using streptavidin agarose beads (Thermo Scientific), as described previously (52) .
Confocal microscopy. HeLa or U2OS cells were plated in chambered coverglass plates and transfected with the indicated plasmids. Cells were counterstained with Hoechst 33342 (8 μM) for 30 minutes, and images were obtained with a Zeiss LSM 510 META confocal microscope equipped with a Chameleon XR NIR laser. All confocal microscopy experiments were repeated at least twice; representative results are shown.
ChIP. ChIP was performed as previously reported (50) . Briefly, HEK 293 cells were cultured overnight in low serum media and stimulated with TNF (1,000 U/ml for 30 minutes) prior to ChIP. The antibodies used included RelA (Santa Cruz, sc-372), COMMD1 (1), CCDC22 (generated as described above), and normal rabbit IgG (Cell Signaling, 2729). After immunoprecipitation, DNA was extracted and used as template for PCR. The primers used for amplification of the BIRC3 promoter were 5′-GCAT-GCTTACCAATACGTGC-3′ and 5′-ATTGCGCAATTGTAGCGGTA-3′.
Statistics. In all gene expression experiments, data represent mean ± SEM. A P value less than 0.05 was considered significant.
Study approval. All patient-related evaluation was performed with the written consent of the participants or their legal guardians, after review and approval of the study protocols by the human research ethics com-
